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Abstract 
Molybdenum (Mo) is the prominent choice as the back contact for various thin film solar cells such as CIGS, CZTS 
and CdTe. Physical vapour deposition (PVD) technique especially sputtering process has been chosen as the foremost 
method to deposit Mo thin film on top of desired substrate due to ease of parametric control of growth conditions. In 
this paper, we reported the effect of various RF power, operating pressure as well as temperature on Mo films on top 
of Mo sheet and soda lime glass (SLG) deposited using RF magnetron sputtering. Uniform surface morphology was 
obtained as RF power, operating pressure and deposition temperature were optimised. However, at higher deposition 
temperature less uniform surface was observed. XRD pattern of Mo films showed two different peak of <200> and 
<211> in case of Mo sheet and single peak <110> in case of SLG. While peak intensity varies as deposition condition 
varies in case of Mo films deposited on Mo sheet. Electrical properties of Mo films on both Mo sheet and SLG were 
improved as RF power and deposition temperature are optimised. On the other hand, electrical properties are affected 
as operating pressure increased. Lower resistivity of 1.2×10-9 .m and 6.65×10-6 .m were found in case of Mo films 
deposited on Mo sheet and SLG. Surface roughness of 0.017 nm-19.32 nm were found in case of Mo films deposited 
on Mo sheet and 0.002 nm-5.04 nm were found in case of SLG. Roughness increased as RF power and deposition 
temperature increased. However, roughness decreased as operating pressure increased. 
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1. Introduction 
 
Renewable energy is one of the most favourable choices to meet the energy demand throughout the 
world. Thin film solar cell technology is one of the most promising candidates to solve the upcoming 
energy crisis. Moreover it is a faster fabrication process in comparison with traditional silicon wafer 
based solar cell technology [1-5]. Among them CdTe and CIGS are the most favourable choices. World 
first large scale PV industrial production was by CdTe at the lowest cost of USD 0.75/Wp with module 
efficiency of 11% [1, 6]. Although the highest efficiency in case of CdTe base solar cell is 18.3% [7]. The 
highest efficiency of CIGS based solar cell is 20.4% [2]. However the overall module efficiency is 13% 
with the cost of USD 1.2/Wp, which is certainly higher than CdTe base solar cell [8]. Here, the overall 
module efficiencies of the two technologies are very close, giving CdTe cells the advantage of lower 
production cost. Nevertheless the quality of the substrate, deposition conditions as well as appropriate 
back contact is still a matter of issue. Among several material for back contact, Molybdenum is one of the 
most appropriate material because of its high conductivity as well as inertness [3-5]. It is believed that 
smoother surface can produce more uniform growth, less pin holes, better crystallinity as well as less 
shunting [5]. RF magnetron is one of the most leading deposition processes. Moreover the properties of 
sputter-deposited Mo thin films can be controlled by sputtering parameters such as RF power, pressure 
and temperature [9, 10]. In this work we have investigated the influence of various sputtering process 
parameters on the electrical, structural, and morphological of Mo thin films on soda lime glass (SLG) and 
molybdenum (Mo) sheet substrates. 
 
2. Experimental work 
 
Thin Mo sheets and soda lime glass (SLG) were cleaned in a ultrasonic bath using 4-stage methanol-
acetone-methanol-DI water recipe for 10 minutes in each stage, followed by nitrogen gas drying. Mo 
target (99.95% purity) was pre-sputtered for between 10-15 minutes in order to remove any oxide on the 
surface. RF sputtering was carried out on Mo sheet and SLG at various RF power, operating pressure and 
temperature. The overall process parameters are shown in Table 1 below. A time limit of 35 to 70 minutes 
was maintained and thickness of 250 nm to 300 nm was found from SEM cross sectional images. Using 
XRD, SEM, AFM and Hall measurement the films were characterised and their possible effects on solar 
cell fabrication were investigated. 
 
Table 1. List of the deposition parameters and corresponding variation ranges, used to deposit the Mo thin films on Mo sheet and 
SLG 
Parameters  Variation range 
RF power (W) 60,80,100,120 
Operating pressure (mTorr) 8.5,10,15,20 
Operating temperature ( C) 80,100,150,200 
Base pressure (Torr) 8x10-5 
Deposition time (minute) 35-70 
Thickness (nm) 250-300 
 
3. Result and discussion 
 
From the SEM image presented in Fig. 1, we compare the surface morphology of the Mo sputtered on 
Mo sheet and soda lime glass (SLG) at various powers. It is readily observed that as the RF power 
increased more uniform coverage has been found on top of both Mo sheet and soda lime glass. During 
low RF power deposition process, the ejected Mo particles have lower energy to re-crystallise, which can 
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cause loose and porous Mo film to be formed [10]. On the contrary as the power increased, Mo particles 
have higher energy and as a result films with more uniform surface are grown on both Mo sheet and soda 
lime glass. The variation of RF power has a significant impact on surface roughness as listed in Table 2 
and graphed in Fig. 2. As the power increases the kinetic energy of the Mo particles increases [10-12] and 
bombardment of high kinetic energy particles on both Mo sheet and SLG can possibly induce higher 
surface roughness. Moreover, as the kinetic energy of the Mo particles increase, the vibration of Mo 
particles on surface also increases and this also can cause higher surface roughness. From Fig. 2 it is 
shown that Mo deposited on Mo sheet exhibit higher roughness compare to SLG, due to Mo sheet itself 
rougher than SLG. The roughness index was found to be in the range of 0.0027 nm-6.012 nm in case of 
Mo sheet and 0.0022 nm-5.048 nm in case of SLG. Figure 3 shows the XRD patterns for Mo films 
deposited on Mo sheet and SLG. The XRD pattern for all films indicated the most intense peak at 
2  
of Mo films deposited on Mo sheet. On the other hand 2
orientation of BCC structure in case of Mo films on SLG. The ratio of peak intensity I200/I211 was 
calculated in case of Mo films deposited Mo sheet. It was found that as the RF power increased the ratio 
of peak intensity decreases as listed in Table 2 and shown in Fig. 3. This indicates that the Mo growth 
tends to have two major crystal orientations as the RF power increases. However in case of Mo deposited 
on SLG peak intensity on top of SLG was almost same at different power levels. The dependency of the 
electrical properties are listed in Table 3 and shown in Fig. 4. From Fig. 4 it can be observed that 
resistivity is inversely proportional to the RF power. As the power increases, resistivity decreases in both 
cases Mo film deposited on Mo sheet and SLG. At lower power Mo particles do not contain sufficient 
energy to recrystallise the Mo films at the surface of the substrate. As a result the formation of Mo film 
become loose and porous when RF power is lower and cause higher resistivity [10]. In case of Mo film 
deposited on Mo sheet, resistivity decreases from 8.25×10-9 .m to 2.43×10-9 .m as the RF power 
increases from 60 W to 120 W. However, resistivity drastically decreases from 5×10-5 .m to 6.65×10-6 
.m in case of Mo films deposited on SLG. Moreover as seen in Fig. 4 mobility is inversely proportional 
to bulk concentration. In the case of Mo films deposited on Mo sheet, as the power increases bulk 
concentration increases slightly at the beginning then decreases again at the power level of 100 W. 
However at higher power level of 120 W, bulk concentration increases significantly up to 3.69×1023 cm-3, 
which causes lower mobility of 6.95×103 cm2/Vs. On the contrary Mo film deposited on SLG exhibits 
opposite result as shown in Fig. 4. As the RF power increases at first bulk concentration increases, 
however at higher power of 120 W bulk concentration decreases up to 3.57×1019 cm-3. As a result, 
although mobility decreases at the beginning, however at higher power level mobility increases 
significantly up to 2.56×104 cm2/Vs.  
 
                    
 
Fig. 1.  Surface morphology of Mo films deposited on Mo sheet (top row) and SLG (bottom row) at various RF power, while     
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Table 2. List of surface roughness (RMS value) of Mo films on Mo sheet and SLG as well as I200/I211 on Mo sheet deposited at 
various RF power.
RF Power 
(W)
Surface
Roughness(nm)        
on Mo sheet
I200/I211                          
(Mo sheet)
Surface
Roughness(nm)        
on SLG
60 0.027585 17.53 0.002272
80 3.0154 17.11 1.22356
100 3.5324 16.88 1.892
120 6.012 1.92 5.0489
(a) (b)
Fig. 2. Variation of the surface roughness of Mo films (a) On Mo sheet and (b) On SLG, in dependence on RF power
(a)                                                        (b)
                                                                               (c)
Fig. 3. XRD spectra of the Mo films sputtered with different powers: (a) Mo films on Mo sheet, (b) Mo films on SLG, and (c) 
Variation of peak intensity of Mo films on Mo sheet.
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Table 3. Effect of various RF power on electrical properties of Mo films deposited on (a) Mo sheet and (b) SLG. 
 
  (a)   (b)  
RF Power    
(W) 
Resistivity   
 
Bulk 
Concentration 
(cm-3) 
Mobility    
(cm2/V.s) 
Resistivity    
.m) 
Bulk 
Concentration 
(cm-3) 
Mobility   
(cm2/V.s) 
60 8.25x10-9 9.24x1021 8.19x104 5x10-5 2.27x1020 5.50x102 
80 4.09x10-9 6.02x1022 2.54x104 2.95x10-5 5.24x1020 4.04x102 
100 3.34x10-9 4.72x1021 3.97x105 2.85x10-5 6.19x1020 3.54x102 
120 2.43x10-9 3.69x1023 6.95x103 6.65x10-6 3.67x1019 2.56x104 
                      
 
                         
                
Fig. 4. Resistivity, bulk concentration and mobility of Mo films deposited on Mo sheet (left column) and SLG (right column) at 
various RF power.  
 
Figure 5 exhibits the comparison of surface morphology under different operating pressure level. 
Increase in operating pressure produces films which are more uniform with smoother surface 
morphology. Better surface morphology was found on top of soda lime glass rather than Mo sheet. Figure 
6 depicts AFM results of Mo films on Mo sheet and Mo films on SLG. Surface roughness is highly 
depends upon the operating pressure as charted in Table 4 and shown in Fig. 6. It is clear from the Fig. 6 
that as the pressure increases the roughness decreases in both case of Mo sheet and SLG. This attributes 
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to the fact that at higher pressure the Mo particles contain lower energy and hit the surface with lower 
energy as a result lower roughness. However at the highest pressure of 20 mTorr the roughness tends to 
increase again in both case of Mo deposited on Mo sheet and SLG. Hence roughness on SLG is lesser 
than Mo sheet as predicted. Here, XRD patterns have similar peak as previous. The variation of peak 
intensity due to various operating pressure are listed in Table 4 and showed in Fig. 7. As shown in Fig. 7 
the ratio of peak intensity I200/I211 decreased at first in case of Mo films deposited on Mo sheet, however 
up to 15 mTorr pressure it increased again which indicate Mo growth at single preferential orientation. 
Nevertheless, at high pressure of 20 mTorr the ratio decreases again, which indicates the growth of Mo 
film contains two major crystal orientations. On the other hand on top of SLG peak intensity was almost 
same as the pressure increases. The effect of different working pressure on electrical properties are listed 
in Table 5 and graphed in Fig. 8. From Fig. 8, it is clear that resistivity has a proportional relation to 
working pressure. As the working pressure increases resistivity increases in both cases of Mo films 
deposited on Mo sheet as well as SLG. This attributes to the fact that at lower working pressure incident 
atoms contain higher energy because of lesser scattering. These energetic incident atoms impart higher 
momentum to those Mo particles and help to fill up micro voids and vacancies. As a result, better 
crystallinity and larger grain growth are observed [11]. However at higher working pressure incident Mo 
particles have lower and momentum. As a result, crystallinity and grain growth both degrade resulting in 
higher resistivity. In case of Mo film deposited on Mo sheet resistivity increases from 1.31×10-9 .m to 
9.47×10-9 .m as the working pressure increases from 8.5 mTorr to 20 mTorr. On the other hand, 
resistivity considerably increases from 2.88×10-5 .m to 1.88×10-3 .m in case of Mo films deposited on 
SLG. As shown in Fig. 8, bulk concentration and mobility are inversely proportional in both cases of Mo 
films deposited on Mo sheet and SLG. In case of Mo films deposited on Mo sheet bulk concentration 
decreases from 1.28×1023 cm-3 to 1.04×1022 cm-3 as the working pressure increases up to 15 mTorr. As a 
result, though mobility decreases at working pressure of 10 mTorr from 3.72×104 cm2 to 2.54×104 cm2, 
but at working pressure 15 mTorr it increases up to 8.08×104 cm2. Nevertheless at higher working 
pressure of 20 mTorr bulk concentration increases, this causes the mobility to decrease. Then again in 
case of Mo films deposited on SLG bulk concentration shows some random result as shown in Table 5 
and Fig. 8. As working pressure increases bulk concentration increases as depict in Table 5, however 
again decreases at working pressure of 15 mTorr and finally at higher working pressure of 20 mTorr 
increases up to 1.22×1022 cm-3. On the contrary mobility exhibits opposite result of bulk concentration 
and finally decreases up to 1.88×10-3 cm2. 
 
      
 
Fig. 5. Surface morphology of Mo films deposited on Mo sheet (top row) and SLG (bottom row) at various operating pressure, 
where RF power of 80W and deposition temperature of 100 C remained constant. 
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Table 4. List of surface roughness (RMS value) of Mo films on Mo sheet and SLG as well as I200/I211 on Mo sheet deposited at 
various operating pressure.
Operating Pressure 
(mTorr)
Surface 
Roughness(nm)        
on Mo sheet
I200/I211
(Mo sheet)
Surface 
Roughness(nm)        
on SLG
8.5 19.323 17.42 1.49669
10 4.98836 17.13 1.22356
15 2.34058 20.766 1.02453
20 5.06985 16.15 2.02654
(a)                                                             (b)
Fig. 6. Variation of the surface roughness of Mo films (a) On Mo sheet and (b) On SLG, in dependence on operating pressure.
                       Fig. 7. Variation of peak intensity of Mo films deposited on Mo sheet at various operating pressure.
Table 5. Effect of various operating pressure on electrical properties of Mo films deposited on (a) Mo sheet and (b) SLG.
(a) (b)
Pressure      
(mTorr)
Resistivity   Bulk 
Concentration 
(cm-3)
Mobility   
(cm2/V.s)
Resistivity   
.m)
Bulk 
Concentration 
(cm-3)
Mobility   
(cm2/V.s)
1.31x10-9 1.28x1023 3.72x104 2.88x10-5 9.75x1019 2.22x103
4.09x10-9 6.02x1022 2.54x104 2.95x10-5 5.24x1020 4.04x102
15 7.43x10-9 1.04x1022 8.06x104 2.09x10-4 5.64x1019 5.31x102
20 9.47x10-9 2.02x1022 3.26x104 1.88x10-3 1.22x1020 2.74x101
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Fig. 8. Resistivity, bulk concentration and mobility of Mo films deposited on Mo sheet (left column) and SLG (right column) at 
various growth pressure. 
 
Figure 9 represents the comparison under different deposition temperature. Here, at first uniform 
coverage has been obtained on top of Mo sheet as the deposition temperature increases. However at 
soda lime glass smother surface morphology is observed as the deposition temperature increases. It was 
found that roughness has a proportional relation with deposition temperature. The influence of the 
variation of deposition temperature on roughness is listed in Table 6 and graphed in Fig. 10. From Fig. 10 
it can be seen that roughness is proportionally related to deposition temperature in the case of Mo films 
deposited on Mo sheet. On the contrary, in the case of Mo films deposited on SLG increases although at 
the beginning roughness decreases as the deposition temperature however, at deposition temperature 
temperature increases the kinetic energy of the Mo particle increases, consequently those particles strike 
the surface with high kinetic energy which causes higher roughness. Here also similar XRD pattern was 
observed as previous at various deposition temperatures. The deposition temperature has a significant 
effect on peak intensity ratio I200/I211 in case of Mo film deposited on Mo sheet, as listed in Table 6 and 
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graphed in Fig.11. Hence as the deposition temperature increases the peak intensity ratio decreases as 
shown in Fig. 11. Which indicates that the Mo film have two major crystal orientation as the temperature 
increases. However at higher depositi
indicates that the presence single crystal orientation. Then again no significant variation of 
crystallographic orientation was observed in case of Mo film deposited on SLG. The dependency of the 
electrical properties on deposition temperature are listed in Table 7 and graphed in Fig. 12. From Fig. 12 
it can be depicted that resistivity is inversely proportional to deposition temperature in both cases of Mo 
films deposited on Mo sheet as well as SLG. At lower deposition temperature Mo particle contains lower 
energy and this result in loose and porous Mo films of reduced crystallinity and grain growth, while 
resistivity increases. However at higher deposition temperature Mo particles contain higher energy, which 
help to fill up the micro voids or vacancies resulting in enhance grain growth and better crystallinity. At 
the same time as this helps to decrease resistivity. In case of Mo film deposited on Mo sheet resistivity 
decreases from 8×10-9 .m to 1.2×10-9 .m 
On the other hand in case of Mo films deposited on SLG resistivity decreases from 4.61×10-5 .m to 
2.2×10-5 .m. Due to variation of deposition temperature bulk concentration varies from 4.55×1022 cm-3 
to 3.99×1022 cm-3 in case of Mo films deposited on Mo sheet as listed in Table 7. Mobility is 
proportionally related to deposition temperature as graphed in Fig. 12. As the deposition temperature 
increases mobility increases from 1.72×104 cm2/Vs to 1.31×105 cm2/Vs. Moreover this increased mobility 
resulting in reduced resistivity.  In case of Mo film deposited on SLG bulk concentration is inversely 
proportional to mobility. Due to the variation of deposition temperature at the beginning bulk 
concentration increases from 1.02×1020 cm-3 to 5.24×1020 cm-3 until 100
decrease from 2.22×103 cm2/Vs to 4.04×102 cm2
to 1.35×1020 cm-3, resulting in enhanced mobility of 2.1×103 cm2/Vs.  
 
 
 
Fig. 9. Surface morphology of Mo films deposited on Mo sheet (top row) and SLG (bottom row) at various depositions temperature, 
where RF power of 80W and operating pressure of 10 mTorr remained constant. 
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Table 6. Surface roughness (RMS value) of Mo films on Mo sheet and SLG on Mo sheet deposited at various deposition 
temperature.
Deposition Temperature Surface
Roughness(nm)
on Mo sheet
I200/I211 
(Mo sheet)
Surface Roughness(nm)   
on SLG
80 0.017086 20.29 4.82205
100 4.98836 17.13 1.10681
150 5.2325 3.48 1.31168
200 7.40839 25.31 1.90201
(a)                                                             (b)
Fig. 10. Variation of the surface roughness of Mo films (a) on Mo sheet and (b) on SLG, in dependence on deposition temperature.
                                           
Fig. 11. Variation of peak intensity of Mo films deposited on Mo sheet at various deposition temperatures.
Table 7. Effect of various operating pressures on electrical properties of Mo films deposited on (a) Mo sheet and (b) SLG.
Deposition 
Temperature     
Resistivity   
.m)
(Mo sheet)
Bulk 
Concentration 
(cm-3)
(Mo sheet)
Mobility 
(cm2/V.s)
(Mo sheet)
(SLG)
Bulk 
Concentration 
(cm-3)
(SLG)
Mobility 
(cm2/V.s)
(SLG)
8.00x10-9 4.55x1022 1.72x104 4.61x10-5 1.02x1020 1.33x103
4.09x10-9 6.02x1022 2.54x104 2.95x10-5 5.24x1020 4.04x102
150 3.87x10-9 2.19x1022 7.36x104 2.73x10-5 4.13x1020 5.54x102
200 1.20x10-9 3.99x1022 1.31x105 2.20x10-5 1.35x1020 2.10x103
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Fig. 12. Resistivity, bulk concentration and mobility of Mo films deposited on Mo sheet (left column) and SLG (right column) at 
various deposition temperatures. 
 
The crystallite size was calculated using Scherrer equation which is given by [13]. 
 
Crystallite                    (1) 
 
Where D is the main grain (crystallite) -
measured in radians and  is Bragg angle. Grain size of 315.08Å and 379.42Å was found in case of Mo 
films on Mo sheet and SLG. However from Scanning Electron Microscope (SEM), the grain size of 178.6 
nm  669.9 nm was found in both cases of Mo films deposited on Mo sheet and SLG. It can be noticed 
that there is certain discrepancy between the grain sizes by two different processes. It might be due to the 
fact that the grain size measured by XRD is for very uniform films with same crystallite size, which is not 
the case here as found from SEM. 
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4. Conclusion 
 
In this study, we analyzed the effect of sputtering power, operating pressure and deposition temperature  
on the properties of Mo thin films grown on Mo sheet and SLG. The electrical and structural properties 
are highly influenced by the deposition parameters. At higher RF power and operating pressure better 
surface morphology was found. Grain size of 315.08 Å to 379.42 Å from XRD and 178.6 nm to 669.9 nm 
from SEM was found in both cases. Resistivity of RF-sputtered Mo films is highly dependent on 
sputtering process variable. Lowest resistivity of 1.2×10-9 .m was found in case of Mo film deposited on 
Mo sheet and the corresponding deposition conditions are 80 W, 200  mTorr. On the other hand, 
on top of SLG lowest resistivity of 6.65×10-6 .m is obtained at the deposition condition of 120 
and 10 mTorr. The electrical resistivity is mainly attributed to the higher mobility, lower roughness and 
low bulk concentration.  
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